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"were very close, there was essentially no (iess than 1%) difference
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THEORETICAL AND EXPERIMENTAL DETEKMINATION OF MECHANTCAL
PROPERTIES OF SUPERCONDUCTIRG COMPOSITE WIRE%* )

W. H. Cray and C. T. Sunt

ABSTRACT - \
to characterize thé mechaxjical

The object of this research is ¥
properties of a composite superconducting (NbTi/Cu) wire in tgikx

of the mechanical properties of each constituent materiai. For a

particular composite superconducting wire, five elastic material
constants were experimentally deternined and theoretically calculated.

Since the Poisson's ratios for the fiber arnd the matrix material

among all the theoretical predictions for any individuzl mechanical
constant. Because of the expense and difficulty of producing elastic
constant data of 0.1% accuracy, and therefore conclusively determining

which theory is best, no further experiments were performzd.

INTRODUCTION

The object of tnis research is to characterize the mechanical
properties of a composite superconducting (NbTi/Cu) wire in terms of
the mechanical properties of .each constituent material. In 1973, the
Cryogenics Division of the National Burean of Standards (NBS) published
an iﬁterim report:1 in. which a preliminary investigation of the mechan-
ical properties of a solenoid coil composite was made. The coil inves-
tigated consisted of epoxy, fiberglass, and composite superconducting

wire. Both theoretical and experimental elastic constants were tabulated

* This research was sponsored in part by the Engineering Research
Institute, Iowa State University, Ames, IA 50011, and in part
by the Energy Research and Development Administration under
contract with Union Carbide Corporation.

+ Department of Engineering Sciences and Mechanics and Engineering
Research Institute, Iowa State University, Ames, IA 50011.




_ crystal aggregates, and was first employed by Hill

for a typical piece of coii tut out of a small solenoid. Our report
differs from tais NBS work in that we consider only the mechanical
properties of =n individﬁal3c0mposite superconducting wire,

The theoretical predictﬂons and the experimental procedures to
determine the effective elastic constants of the coméosite wire are

described in the next two seztions of this report.

THEORETICAL INVESTIGATION

Most of the analytical work for predicting the mechénicél and

-thermal properties of fiber-reinforced composites in terms of volu-

metric composition, geometrical arrangement of the fibers, and con=-
stituent material properties was done before 1970. There are five
approaches to predict the micromechanical behavior of fiber-reinforced

composites.* The essential characteristic of each is described below.

1.1 SELF~-CONSISTENT MODEL METHODS

This method was originally pfoposed by Hershey3 and Kroner4 for
3 to derive expres-
sions for elastic constants. Hill modeled the composite as a single '

fiber embedded in'an unbounded macroscopically homogeneous medium,

. subjected to a uniform loading at infinity. This uniform loading

produces a uniform strain field in the filament which is then used
to estimate the elastic constants. A similar model proposed by Frohlich
and Sagk6 for predicting the viscosity of a Newtonian fluid containing

a dispérsion of equal elastic spheres consists of three concentric

'cylinders} the outer one being unbounded. The innermost cylinder is

assumed to ﬁaye the elastic properties of the filaments; the middle
one has the pfbperties cf the matrix; and the outermost has the properties
of the composite}‘ The solid is subjected to homogeneous stresses at

infinity. The res&lging elastic fields are determined, and then are

* No attempt is made here to give a compreh:nsive literature survey
regarding this subject. More references can be found in Ref. 2.
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of the self-consistent model methods can be found, for example, in

Refs. 7"9'

1.2 VARIATIONAL METHODS

In this method, the energy theorems of classical elasticity are

» used to obtain bounds on the mechanical and physical properties of

filamentary composites. The minimum complementary energy theorem

yields a lower bound, while the anlmum potential energy theorem ylelds

the upper bound. Using this approach, bounds for the elastic and .

thermal pioperties of composites have been obtained by many investiga-

tors, 1012

1.3 EXACT METHODS

By assuming that the fibers are arranged in a doubly periodic
rectangular array, a fundamental or repeating element can be estab-
lished. The resulting elasticity problem can then be solved either
by introducing a stress function using a series development, or by
numerical techniques such as finite difference or finite element
methods. Once the problem is solved elastically, the resulting elastic
fieids can be averaged to get expressions for the desired elastic con-
stants. Typical applications of this method can be found in Refs.

13-18.

1.4 MECHANICS OF MATERIALS METHOD

By making simplifying assumptions regarding the mechanical or
thermal behavior of a composite material, the mechanics=of-materials
expressicns for the equivalent elastic or thermal constants of unidi-
rectionally reinforced fibrous composite materials can be derived. For
example, to determine the longitudinal Young's modulus, one assumes
that the longitudinal strains in both the matrix and the fiber are the
same; in order to determine the transverse Young's modulu:, one assunes

that transverse stresses in both materials are the same. This approach

employe& to predict the elastic constants of the composite. Applications

»

. |




usually is referred to as the "rule of mixtures." The "rule of mixtures”
expressions for elastic moduli and thermal conductivities can be found in

Refs. 19-21.

1.5 THE HALPIN-TSAIL EQUATIONS

For designers, it is often necessary to have simple and rapid com=-
putational procedures for estimating the macromechanical properties of
a fibrous composite. Such empirical formulas.have been developed by
Halpin and Tsa:-'.22 based upon mcdifications of the résults discussed
under approaches 1.1 and 1.3. By estimating the value of a factor
which depends on the geometry of the inclusions, spacing geometry, and
loading conditions, the composite elastic moduli can be approximated.
Reliable estimates for this factor can be obtained by comparing. the
Halpin-Tsai equation with the numerical micromechanics solutions. If
used appropriately, the Halpin-Tsai equation can yield very reliable
results without elaborate calculations.

All the above methods make the following three basic assumptions:
(1) each constituent material behaves linearly elastically, (2) the fibers
are straight (without twist), and (3) there are no residual stresses.

For this investigation, we use several of the available theoretical equa-
tions to predict the effective elastic m:chanical properties of supercon-
ducting composite wire. These equations are listed in Appendix I.

In general, a superconducting composite wire may.be twisted to
minimize ac power losses in a superconducting magnet. Twisting of the
wire violates an assumption implicit in the derivation of all the
equations presented in Appendix I. However, wevbelieve that this effect
is small (see Appendix Il), and for engineering purposes can be neglected.
Other effects, such as inelastic behavior of the wire at higher loading
levels, and residual stresses in the wire intrr<uced during fabrication,
may influence the results presented in this paper, and should be ana-

iyzed more thoroughly.
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EXPfRIMENTAL DETERMINATION OF ELASTIC CONSTANTS
Assuming the NbTi/Cu wire behaves like a transversely isotropic
matex‘fal, there'are five elastic constants of significance. These

consféhts are: (1) Young's modulus along the direction of the fiber,

(longitudinal Ybung's modulus), (2) major Poisson's ratio,

EL or Ell

VL or V;)» (3) Young's modulus along the direction normal to the fiber,

Ep or E,y (transverse Young's modulus), (4) minor Poisson's ratio, Vo
Since the mate-

nd (5) longitudinal shear modulus, GL or G12’
1 to the fiber direction are assumed to

or 023 can be determined

or v23, a
rial properties in a plane norma

be isotropic, the transverse shear modulus GT

from the isotropic relation
ET
= l
Gy -————-2(1+VT) . ¢))

The particular superccnducting composite wire chosen for our experi~

ment was KRYO-ZlG.*-‘-?'3 This conductor has cros

 10.16 mm by 5.08 mm with a copper matrix centaining 2640'Nb-45 wt % Ti
The copper to superconductor ratio is §.

e comparisons are tabulated

s-gectional dimensions of

superconducting filamentse.
e elastic constants which were used for th

Th
berow. All elastic constant measurements were made at room temperature.
: Young's Modulus Poisson's Ratio Shear Modulus
‘Material (GPa) (GPa)
Cu 123 0.345 45,7
NbTL 84 0.33 31.5
* Registered trademark of Magnetics Corporation of America (MCA).

this report for clarity. In no
jons or endorsement by the
2l is necessarily the best

+ Tradenames of material are used in
case does such selection imply recommendat
cuthors, nor does it imply that the materi

available for the purpose.
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- fiber axis, The transverse Young's modulus is determined from the o

2.1 EXPERIMENTAL DETERMINATION OF Ell AND Vi2

Ell and v12 can be determined from a simple tension test (see
Fig. 1). The direction of loading is parallel to the fibers of the
conductor. The longitudinal Young's modulus is d<:ermined from a g,
vs el diagram where 9 is equal to the zpplied load divided by the
cross sectional area of the specimen, and el is the strain along the
fiber direction of the conductor. Figure 2 represents an experimentally
determined plbt of this diagram for KRY0-210 superconductor showing a

value for E,, of 119 GPa. A comparison of the theoretical prediction

1
and the exp:;imental data is shcwn in Fig. 3 in this graph, as well as
the four normalized comparison graphs which follow; the legend refers
to the theoretical equations presented in Appendix I. Both equations
predict the same behavior, which deviates approximately 3% from the
experimental data. A

The major Poisson's ratio is determined from the slope of the €,
YA El diagram during the same experiment, where 52 is the strain in
either transverse direction. The experimentally determined value was 4
0.347 (sec Fig. 4). The normalized plot (see Fig. 5) showing the
comparison between theoretical prediction and experimental value again
demonstrates little difference between theories with ihe experimental
data differing from the predictions by about 2%,
2.2 EXPERIMENTAL DETERMINATION OF E,, AND G,,
E22 and G;:3 are determined from a test similar to that described in
2.1 (see Fig. 6). The direction of the applied load is normal to the
2
vs 62 diagram where a, is the stress, and €,y is the strain in the direc-
tion of the applied force. Figure 7 represents an experimentally deter-
mined plot of this diagram for KRY0-210 superconductor showing a value
for E22 of 122 GPa, The experimental data are compared to the theoretical
predictions fqr E22 in Figure 8. An error of approximately 5% is obsarved.
Analogously the minor Poisson‘s ratio, and therefore G23, is deter-
mined from an €. Vs €, diagrar. The experimental value for 623 is 43.1

3
GPa (see Fig, 9), Figure 10 compares this data point with the

el

rsmt B8, 8 ma s
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Eheoretical predictions. An error of approximately 2% is observed.

(2.3 EXPERIMENTAL DETERMINATION OF THE LONGITUDINAL SHEAR MODULUE qu

The simplest way to determine the longitudinal shear modulus 612

is to use a tensile specimen with the fibers oriented at a 450 direction

to the geometrical axis of the specimen.za A realistic specimen of

a composite superconductor, however, would be very difficult and expensive

to fabricate. An alternate method to evaluate G,, experimentalily is

outlined below.

From the two-dimensional anisotropic stress-strain relation, we

have
€ 15 Su S167 %
g2y = | S12 S22 Sy | { % 2
LYO [ 516 S26 Ses) L0

- ‘ ' ' v 'y
where so and € + 1/2 are the axial strains of x' and z° axes. These lie

in the xz plane and make angles € and 6+ w/2 with thae x-axis respec—

tively; Yy 1s the shear strain of x' and z' axes, and gy Og 4 1/2 and

Tg are the corresponding normal and shear stresses respectively (see

Figure 11). The matrix {S] in Eq. (2) represents tha compliance m.trix

of the composite material in x'z' directions. In a simple tension test

with the applied load and the fibers oriented along the X direction, €g
can be measured directly and Yg can be computed, unsing the

d
and €g 4 q/2
rosette readings. For axial tension,

data obtained from strain gage

Ogs Og 4 /2 and Tg are given by

Oy = Oy cosze

L 2
Og4m/2 o, sin (O] (3)
Ty = —Ox sinOcosd




where Ox is equal to the applied force divided by the cross sectional

area of the specimen., The elastic compliances Sll’ 512’ 822, 816’ 826’
and 866 are related to Ell’ EZZ’ Vias and t';12 by the following relations.

_ 4 : 4

Sll = ——-—ch 2 + 2(-—61 Elz)sin Oces O + s::n ) (4)
11 12 11 22

— v '/

312 =(E—l- + -E-]—‘- - -E‘-?—> sin20c0520 - EI_Z_ (sin0 + cosae) (5)
11 22 127 11

- sindc 4

S,y = —-—-°;n 9, 2((;L - -E—l-)sin 0cos?0 + cgs © (6)
11 12 11 22

v, ., \
S,, = (—-1-— + -F—l-‘-'- - -—L) sinOcos30 + ( L. E.l_Z_ - -E—l—-) sin30cosQ (7)

16 \E;, Fy Gy ®12 Enn Eyp
v . v
826 = (-é-l— + ‘Eﬂ - -(-;-1-—) sin30coso + (3_1_ - -é-l-g- - E—l-) sinOcos30 (8)
i1 En Sy, 12 B Ep

(sinl'é) + cosaﬁ) 9

_ 2v ' :
S, = (--1-—- +L e A2 —L)sinzacosze + =
12

En B By G 26

Since Ell’ £22', and Vi, are detefmined from tests (2.1) and (2.2), and
€gs €5 4 n/2° Ygs Ue, 9 + n/2° and Tq are obtaired either from direct
measurement by strain gages or from Eq. (3), the only unknown in Eq. (2)
is ch' Thus (;12 can be computed from any one of the three equations in
Eq. (2). Its value is found to be 44.8 GPa which is within 5% of the

theoretical predictions (see Fig. 12),

CONCLUSIONS

The goal of this experiment was to determine which theory of com—
posites best predicted the elastic mechanical behavior of a supercon~
ducting (NbTi/Cu) composite wire. Examination of each elastic mechanical

propurty reveals that all theories examined are capable cof predicting

experimental data to within 5%.




th the fiber and the matrix material

Since the Poisson's ratios for bo
there was essentially no (less than 1%) difference among

for any individual mechanical constant.

were very close,
all the theoretical predictions
Because of the expense and difficulty of produc

within 0.1% accuracy, and therafore, conclusively deterﬁiﬁing which

ing elastic constant data

theory is best. no further experiments were performed.
In conclusion, for a supercondu.ting composite wire, NbTi/Cu, a
reliable engineering estimate of its elastic mechanical

"rule of mixtures." It is unnecessary

simple, fast, and
behavior can be made by using the

to use one of the more rigorous theories.
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Symbol

NOMENCLATURE

Definition

B M B Mg R < O

- Young's modulus

- Shear modulus

- Poisson's ratio

= Bulk modulus in plane strain

= Volume fraction

- Fiber material (NbTi)

- Matrix material (Cu)

- Composite material constants along the fiber direction

PR

e

~ Composite material constants along a transverse direction
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i APPENDIX 1

This appendix presents the various theorétical equations which were
1

lastic mechanical prcperties for the superconducting

used to predict the e
Their alphabetic index refers to

composite wire studied in this report.
the legend on the particular graph where a comparison with experimental

data was performed. Also jncluded in this appendix is the reference

in which these equations may be found. ‘
A program which numerically tabulates all of these equations 1is

listed in Appendix III.

13




‘ 14
1. Longitudinal Young's modulus E
! =
; (a) EL = Emvm + Efvf
’ Source: Reference 2
| )
‘ (b) EL = (E vV + Efo) ¢
|
.- E, (D, - D4F,) + E;(D, = D,F,)
. .Em(Dl - Dy) + Eg(D, = D)
| 1+V,
\ = - =
- Dl 1 Vf D2 v + \)m
m
= 2y 2 ooy 2 _E
D3 = 2vf DA = va Vm
I v vaf + va E
1 fEfo + V E vf
\Y
£
=3 h1

Source: Reference 10

10)

(11)




o 2. Major Poisson's ratio V,

Sources

(b) 2%

Source:

VfEfL1 + VmEm\)mL2

VfEfL3 + VmEmL2
AV B Y 2 V. + v il +vVv v
f n) £ m m/ m
2
(1 - vf - va )vf

2(1-v2)v +(1+v)v
m £ m/ m

Reference 10

12)

= vmvm + vaf‘ (13)

Reference 2




T

@ T, e

Source: Reference 23

. ].+¢:r1vf
(b) ET = I‘-’T]Vf" Em (15) .
E
Ei- 1
n= Ef
£t

¢ = 2 for circular fiber

¢ = 2(%) for rectangular fiber ) ,

y
bt%s:J — x Ep = E :
— .3 . i

Source: Reference 2
(c) E_.= . . ,
T _ (16)
Mf(ZM +G6)-6 (M -M)V
2[1-\)+v-v v 2 n L L,
f f m ‘m 2M +G + 2(M_ - M)V
m m f m’ m

. Ef Em

U C I 2T

Source: Reference 23 ) . A N




t N
Eq ‘/Vf 1 4 -1 1'(“2"5/1%"
(d) E; = (1—2 ?T_)+E_<ﬂ- > tan ———"—‘_2"""'$ an
1=V 1+ “Vf/n
L)
. ) |
Em ;
a=2(--—-—1)
Eg
Source: Reference 23
(Ef_\, _\,)2 |
1 ~Vm \:"f Vf Em m f !
— PR eem— -———-—"_—-———'—_’_—
T ™ f f f'f +1
' V E
mm

Source: Reference 23
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4, Transverse shear modulus G

T
2Q1 - vm)

€ (12
T-2v, 't ] 13

(a) G‘l‘ (lower bound) = (;m [l -

where Al’e is obtained by solving the following

equations
fA\ q\
1
Az 0
A 0
3
[e] 4 e}= { }
A[. 0
Bl 0
B 0
2 kJ
-1 2 -y
where rl Vf Vf Vf 0 0
o 1w vl Ve 0 0
Vf 3 - ?.vm 1- va
1 1 1 1 -1 -1
[p] = . 4v, -3 - 1 . 3 - 4y,
3-2v l~-2v 3-2v
m f
1 3 -3 1 . E.§ 3 Gf/G
3-2v 1-2v G 2v, - 3
m m £
6 -1 , =i o St
L 3-2v, 1-2v 3-2va

Source: Reference 10
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(b) G.. (upper bound)scr 1,
T i -t 2(1-\') o
: 1+ ———2 VA,
' 1-2v 4
i)
and Az is obtained by solving
7 ) )
Al 1
AZ c
' A 0
3
Aa 0
B1 0
B 0
where
~ v
31 2 f
1 - =3V 0
3 - 2vm \f f 1 va
-V
-1 1 2 f
0 - 2V 0
3 - va Vf f l - va
1 1 1 1 -1
{r] = . v, -3 . 1 o
3 ~-2v © 1 =2V
m m
) L 3 -3 1 S¢
3 - 2v 1~ 2v
m o m
1 -1
. 0 -3Tm 2 1 - 2V 0
- m m
“Source: Reference 10

3 ~-2v

2v, - 3

-1

3 -4y
3 Gf/Gm

Gf/Gm
3-2v

P S,

bk s

e e e

b




(¢) G

]

Source:

(d) Gy

Source:

(e) G

T

Source:
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ZGf (Km + Gm)vf + ZGm('}fVm + ".me (Gm + Gf)

=G -
m zcmc<m + Gm) Ve + 26,6V + SV (cm + cf) (21)

Reference 7

= £
(lower bound) = Gm + (Km s ZGm Vm) (22)
+
G£ G ZGm(Km + Gm)
Reference 11
VD
(upper bound) = Gf + TV . (23)
1 + f f f
G, - G = 26.(K +6p)

Reference 11

H
i

totabvcs 2AL s AT 2

U O TV PR G

NN IR L O e

.
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5. Longitudinal shear modulus G

¢, (1 + vf) + vV
m

() G =

f

Ei v +1+V

G m f
n

Source: Reference 10

chm

L Vme 2 Vfcm

source: Reference 23

1+ ¢nVg
O T e b

G 1 G
(£ £
- (- e o)
m
¢ = (2-) for rectangular fiber
y
—s /3 x G, = G
L XZ
b—— 3
a

¢ =1 for circular fiber

source: Reference 2

(24)

(25)

(26)

ATy o - T
P,

SO AT ol BN - P TG
- PR o
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ZGf - (Gf - Cm) Vm

(d ¢ = G
L zcm+(cf-cm) v, om

Source: Reference 10

(e) G (lowef bound) = G_ + £ v
L ™ 1 Jm
: ‘ 0
Gf -G 2G
m
Source: Reference 11
vm
(f) G, (upper bound) = G_ + -
L f Vf
o
Gm Gf ZG£
Source: Reference 11
(8 G = Snfa-n+me + 9
LS A % b -m ¥7

- Ge (n +4V)) + (G, ™ - 4V))
G, (7 - 4V) ¥ (G, m ¥4V

Source: Réference 23

i B P R

27)

(28)

(29) -

(30)
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APPENDIX II

Whitney25 has investigated the influence of twist oa graphite fibérs

He derived an equation for the reduction of the

z's modulus for graphite as a function of the

This equation is directly app-icable in esti-

in an epoxy matrix.

geometry of the fibers.

macing how twisting affects a superconducting wire.

1f the initial and reduced moduli are EI and EP’ respectively, then
their ratio can be expressed as:zs

1
B eeme———————
11+ en’NE

ngn

where No is the number of twists per centimeter and R is the radius f

the fiber in centimeters.
For the superconducting wire analyzed in this report;

o -1
NO = .132 cm
-3
R = 3,17 x 10 “cm,
which yields

1
5 = - - = L.
1+ 4n°NRY 1+ 6.87 %10

[ 3 g

Clearly, the effect of twist for this superconducting wire can be

reglected.

23
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PROGRAM FIBERC.VIA
LAST UPDATE® ' | 1APR?6

AUTHOR: U. . GRAY
PRE . B, BOX Y 9204-1
Bak RIDGE NATIONAL LABORATORY

OAK RIDGE. TN. 37838
LANGUAGE: DECSYSTEM-18. FORTRAN-12

SUBROUTINES REQUIRED: ) .
MINV - STANDARD 1BM SCIENTIFIC SUBROUTINE PRCKAGE. .

14PL ICIT REAL (K)
REAL NUF.NUI1
DIMENSION U€6.6) . RES(E) ., L(6) H(E).HIE)
DIMENSION 11NV(6.6)
- DIMENSION ELEH(Z).)NULT(Z),GLIH(?).GTGH(S).
1 KTKM(4) ,ETEM(S)
DATR P1/3.14159267
DATA 10RED. I0LRT/S,5/ .a
BEGIN PROGRAM FIBERC.VIA
QUERY THE USER FOR THE MATERIAL PROPERTIES
WRITECIOWRT, 11D o )
1 FORMAT(//* FIBERC.VIR DOCUMENTED IN ORNL/TH-5331°7/
* INPUT IN THE FOLLOWING ORDFR:®/
EF (FIBER YOUNGS MODULUS)®/
EM(MATRIX YOUNGS MODULUS)®/
NUF (FIBER POISSONS RATI0Y'/
NUM(MATRIX POISSON RATIO)/
VF(FIBER VOLUME FRACTION) /7
ORDER 1S EF.EM, NUF.NUM.VF FOPMAT(SF)* 7. -
REMEMBER A SPACE DELIMITS THE INPUT VARIABLES’ )
READ ( 10RED, 10)EF . EM. NUF . 5iUM. W
FORMAT(5F) : ’
CONTINUE

CALCULATE THE SHEAR MODULII
GF=EF/7(Z.m( ] . +RUF))
GMeEM/ (2. %( 1. #NUM))

C cnl.cubafel “JE- MATRIX VOLUME FRACTION

j ] , =

c
C CALCULATE THE BULK rMoDULTL
oo KFeFF/(3.#(1.-2.#UF))
KMeEM/(3. (1,2, 9NUM))

c
C CALCULATE THE FIBER-MRTRIX RATIOS.
GMGF »GM/GF

GFGM=GF /Gt
EFEM=EF/EM
EMEF-EWEF
GHEMeGH/EM
KMGM=KH/GH
KFGF =KF /GF

nnnnnnnnnnnnnnnn

- OO0
ANAVTA NN -
s v v v

ﬂﬂ§-—-
-




28

GM=KF/GM

€ ECHO lNPUT DATA

29

[ B s lolaleleTalyl

[
-

25
c

38
24

[
c
c
[

c
c

WRITE(IOLRT.29) EF,EM.NUF.NUM, VF,GF . GM, EFEM, KF.KM.GFGM
FORMAT(//* INPUT DRTR® 7/,
1° EF = °,718,1PE11.4.7,
2" EM = *,T10,1PEL11.4,7.
3° NUF = °,T10.1PE1L.4,./,
4’ NUM = °,T18.1PELL.4.7,
S5* V¢ = *,T18.1PE11.4,/.
6° GF = °.T18,1PE11.4./,
7’ GM = ", T10.1PEL11.4./,
8’ EF/EM = *,T18.1PELL.4.7/,
8’ KF = °,Ti8,1PE11.4.7/,
.* KM = *,T18,1PEI1.4.7.° GF/GM = *,T18.1PELL. Q)

THE EQUATION NUMBERS GIVEN IN THE REST OF THIS CODE REFER
TO ORNL/TM-5331

CALCULATE THE LONGITUDINAL YOUNG®S MODULUS

EQUATION 10
ELEﬂ( I) oVF*EFEMHVM

EWM’!
VH NE.0.8) GO TO 2%
N.PKQ-I B
G0 TO 28
CONTINUE
Fle (NUW‘FEM(UF‘VH) 7 (NUF"W SEFEMINUF M)
;'ZONUr L

wul
ALPHA=D [ ~-D3+F 1 +EFEME(D2-DAsF2)
ALPHASALPHA/(D1-DI+EFEM®(D2-D4))
ELEM(2) =ELEM( 1) sALPHA
I.R!TE(IOLRT.ZS
FORMAT(/7. % LONGITUDINAL mDULUS'I)

OUTPUT DATA ON DATA FiL

DO 881 Je1.2
ELEM(J) sELEM(J) #EM
D0 38 Je1.2

JJ=J49

WRITECIOWRT. 243 JI.ELEM(D)
COMTINUE

FORMAT(IX. "EQU. °.12.4X.1PE11.4)

CARLCULATE THE MAJOR PCISSON RATIO

EOQUATION 12
M. 102, «NUFx{] . “HUMANUMD #VF $NUMAC 1, $HUM) 91
XiL2eVFal}, ~NUF =2, sxNUF &NUF)
X.3=2.m( 1. ~KUMSNUM) #VF + (1 . +NUM) *Vi1
MNUL TReVF sEF EMod. | #VHINUMOL 2
MHULT (1) oXNUL TR/ (VP EFEMRXL 3+VIOQL2)

"EQUATION 13

XNUL T(2) =VF=NUF +VIMNUM
WRITECIOWRY. 2

225)
225 FORMAT(//.* MAJOR POISSONS RRTIO® /)




oo O000W

O 00

29

¢ OUTPUT DATA ON DATA FILE
‘D0 31 Je1.2
R

i
WRITECI0URT.24) 33, NULT(DD
1 CONTINUE

CALCULATE THE TRANSVERSE YOUNG’S MODURUS

EQUATION 14
ETEM(1) =1 . ZCVMHEMEFMVF)

EQUATION 1S
ETA=(EFEM=1.)7(EFEH2.)
ETEM(2) = (1,42, 9ETR*VF) 711 ~ETANF)

EQUATION 16
WP SEFEM/ (2. m(1.=NUFY)
Witel. /(2. %(] =NUID)
PARTe2, x(1 . ~NUF + (NUF =NUM) sV :
PART=PARTR(XIF (2. WGTHGIEMN -GMEMS(OF -)IT) VD
ETEM(3? «PART/ (2. WOTHGMEN2 R B

EQUATION 1?
ALPHA®2, w(EMEF-1.)

CHECK FOR A POSITIVE RADICAL FOR SORT.
lF(l.-ﬁLPHRlﬁLPHﬂM/P!.LE.O.) GO 7O 168
MNMR=SART(1. ~ALPHAALPHAMF P 1)

TANSTFsATAN2 ONMR, (1. OSORT(N.PHQI“.MM/PD))
S0e4, /SQRT(1 . ~ALPHAYALFHAVF /P 1)
ETEﬂM)'l.-Z.tSQRT(VF/Pl)#(Pl-Sﬂ‘TMSTF)MM
GO YO 161
160 CONTINUE
ETEM(Q)=-1,
161 CONTINUE

[
C EOUATION 18
SD-(EFEM’"-MJ?)!QM/EF '
ETEM(S) SVIVEMVF /EF~50/ (VFsEF MUEM] b
ETEM(5) »1, /7 (ETEM(S) #EM) :
(RITECIOWRT, 625)
623 FORMAT(/7.° TRANSVERSE YOUNGS MODULUS® )
C OUTPUT DATR ON DATA FILE :
ENGeAMAX1 (EF EM)
ELW=AMINICEFLEM
DO B8S Jet.%
065 ETEM(J) ~ETEN(JI*EN
Do 32 Je1.5
JJaje13
lF(ETEH(J).GT.E"G.OR.ETEH(J) AT.ELW) CO TO 82
WVRITECIOWRT,24) JJ.ETEM(D) :
GO 70 32
WRITE(1CLPT.B3) 1
FORMAT(® Fui). *.12.° NOT APPLICABLE")
CONTINUE

CALCULATE THE TRANSVERSE SHERR MODULUS
EQUATION 19

(2 ]2]

ﬁﬂﬂﬂﬂﬂﬂs
N




30

c BEGINUTC‘J !S;ETIUP THE COEFFICIENT mmlx
U2, 1)=0. [
U(3.1)=1,

U(4.1)0.
U(S. 1)1, _
U(6.1)8, v
U(3.2)=1.
U(3,3)e1. i
Ue4,3)=-2. '
Ut5.3).-3,
U(6.3)=2.
Ui3. =1,

©UC1.5)-8,
U(2.5)=8,
U(3.5)=-1,
U(4,5)-0.
U(6.5)=0.
U(1.6)=0.
U(2,6)=0,
U(3,6)=~1,
U(1.2)e1.AF
U(4,2)=-(3. -4, sNUM) /(3. -2. sNUM)
U(2.2)2U(4,.2) VF
UC6.2)=~1,7(3, -2, sNUM)
U(S5.,2)*-3.,j(6.2)
U(1,3) «VFevf
U(2.3)e-2.%41.3)
U(1,4)»VF
Ut4,4)=1,7(1,.-2.9NUM)
Ut2.4)=V¥xy(4,4q) ;
Ui5.4)ey14..9)
U(6.4res-y(4.4)
U(5.5) «-GFGH
U(4.6)=(3.-4.%NUF) 7(3.-2,UF) -
U(6.6) *GFGM/ (3. -2 . sNUF)
U(5.6)=-3.%U(5.6)

C STDRED;HE COEFFICIENT MATRIX INTD UINV

H-I.G
Do 71 1.6
7t UINVllN.JH) sUCIN, JH)

c
C FORMULATE RIGHT MAND SIDE
A(l)e=}.

R(2)+8,
A(3)=8,
A(4)=8,
R(S)=8,
A6) =0,

INVERT THE COEFFICIENT MATRIX. SUBROUTINE MINV IS THE STANDARD
1811 SCIENTIFIC SUBROUTINE MATRIX INVERTER.
CALL MINV(UINY.6.D.L.M)

1IBTRIN THE SOLUTION VECTOR
DD 69 tK=1.6
RES(MK) =8,
DO 63 M.e1.6
€9 RES (MK) *R (ML) =Y INV(MK. ML) 4+RES (1K)

o O00




K}

GTGH(D-l.-2.'(1.-Wﬂ)MﬂES(AiI(l.-Z.m

EOUATION 28

BEGIN TO SET UP THE COEFFICIENT MATRIX
Uct, 1)=1.
U2, 1) =8.
u(3. 1) et.
ucd. 1y=0.
vis. Del.
U6, 1)=8.
ut1.2)=1.
UC1,3)=1.
Uc2,3)=-2
U(3.3)--3.
U4, 3) =2,
U1, 41,
U(1.5)=-1
U(2.5)-8.
u(4,5)=8.
u(s.5)=8.
U(6,5)=8.

ue1.8)e-i.
U(s.6)=8.
U(6.6)+8.
U(4,2) =-1,7(3.-2,. 80U
0(3,2)o-3.0(4.2) -
U(2.2) = (3. -4, UM 24, 2)
U(5.2)=U(3,2)/VF
U(6.2) (4, )W
U(5a3)"3.MM
U(6,3) v2 . %VFSVF
U(2,4) 21,7 (1.-2.9ND
L(3.4)-U(2. 4
yid. ) =-4(2.4
U(S,. 4) «VF (2.4
U(6.4)=-U(5.4) -
U(3,5) =-GFGM
U(Z.G)'(3.'4.’NUF)I(3.'2-W)
U(4,6) sSFGM/ (3, -2. %NUF)
U(3.6)=-3.8(4.6)

c
€ STORE THE COEFFICIENT MATRIX INTD UINV.
b 81 IH

-1,
DO 61 JHe1.6
81 UINVCIN, 3H) =sUCTH, JH)

¢
C FORMULATE THE RIGHT HAND SIDE.
AC1)=0.
A(2)=B.
A(3)=0.
R(4)=B.
A(S)=1.
A(6) =8,

INVERT THE MATRIX.
CALL MINV(UINV.E.D.L.1D

OBTAIN THE SOLUTION VECTOR.
Do 89

MK=1.

[x1a1gls]

(1o B x1g]

4




-

[alslataTaI"]

B

32

RES(MK) 8.
DO 89 M. =1.6

89 RES(MK) =AML ) sY INVMK, ML) 4RES (1K)
GTGM(2)=1./7(].+2.:( 1, ~-NUM) 7( 1, -2. sNUM) 2VFsRES (4))

c
C EQUATION 21
KMGHL = (KMGMH 1, Y VF a2,
GFGM1« (GFGM#1. ) wVIMeKIMGM -
GTGMC =GFGMAKHGMI 42 . sGF GMVIHGFGML
GTGM(3) «GTGMC/ (KMGM] +2 . %GFGIVIHGFGMI)

c

C EQUARTION 22
¢ GTGM(4) =}, ¢VF/(I /(GFGM-1,) +(KMGM+2, ) sV (2. .(Kfﬁml »
c

" EQUATION 23
FRAC=( (KFGF 42,3 %VF /2, 7(KFGMGFGM) +1 . 7 (1. -GFSM) )
100 GTGM(S) »GFGM+W/FRAC
WRITE(IOWRT, 425)
425 FORMAT(//.° TRANSVERSE SHERR MODULUS‘/)
c DUTPU;ODRTC; ON DRTR FILE

6883 J=1
803 GTGHM(J) -GTGH(J)'GH
D0 33 J«1.5
JJe3+18
WRITECIOURT.24) JJ.GTGM(J)
3 CONTINUE

CRLCULM’E THE MINOR POISSON RATIO USING THE RULE MIXTURES
TRANSVERSE YOUNG‘S mnuz.us AND ERCH OF THE PREV!OUSLY CALCULATED
TRANSVERSE SHEAR MODULIE

E22«ETEM(1)
WRITE(I0WRT.?9)
D0 ?5 J=1.5
Ji=j+18

C EOQUATION ¢
POI23=(E22/(2.%GTGM(J)) )~ l.
IF(P0123.L7.08.8.0R.P0123.GT.8.5) GO TO 76
I.RITE(IOLRT.??) J1.P0I23

76 LRITE(!OLRT.?G) 3

75 CONTINUE

7 FORMAT(® EQU. 1 USING EQU. °,12.4X%.1PE(1.4)

70 FORMAT(® EQU. 1 USING EQU. °.12.° NOT APPLICRBLE")
‘7:9 FORMAT(77.° MINOR POISSUN3 RATI0’/)

E CALCULATE THE LONGITUDINAL SHERR MODULUS

C EQUATION 24

¢ GLGM( 1) = (GFGIMR( 1. +VF) +VM) / (GFGHeVIH] , #VF) N
C EQUATION 25

¢ GLGH(2) o1 ./ (VIHGIMGF »VF)

€ EGUATION 26

ETR=VFR(GFGM-1.)7(GFGM+1.)
GLGM(3) = (1. 4+ETRIZ(1.-ETA)

EQUATION 27
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33

GLGMD 2. sGFGM- (GFGM-1.) oV
GLGH(Q) =GLGMD/ (2, +(GFGI-1. ) sV)

EOURTION 28 \
FRACs1./7(GFGM-1.)
GLGM(S) » 1, »WF/(FRACHVIV2.)

c

C EOUATION 29
FRACe1.7(1.=GFGM) +WF /(2. %GFGM)
GLGM(6) »GF GHeVIVFRAC

EQUATION 38 :
ALPHARCGFGHIE( A, SVF 4P [} 4P [-4, oW
ALPHASALPHAZ (GFGMe(P I ~4. »VF ) +P [ 4. 9VF)
GLGM(7) ».58( (4. =P +P1WALPHA) 74, 44, 9GLPHA/ (RLPHA® (4, -P1) #P1))
WRITECIOWRY, 325)

323 FORMAT(//.° LONGITUDINAL SHERR MODULUS’~)

C OUTPUT DATA ON DATA FILE

GHG =AMAX L (GF . GH)

GLU=AMINILGF . GM)

DO 682 le1.?

GLGM(J) «GLGM( J) sGM

DO 34 Jei.7

J1e3+23 :

IF(GLGM(J) .GT.GHG,OR.GLGM(J) .LT.GLW GO TO 85

WRITE(IOURT.24) JJ.GLGM(J)

GO0 T0 34 .

WRITECIOWRT.E83) JJ

CONTINUE

(g1

on

PATA

WRITECIOLRT. 998) .

FORMAT(77° MORE DRTA?’~/

* INPUT EF,EM.NUF.NUH.VF FORMT(SF)*/
* NEGATIVE EF STOPS THE PROGRAM")
READ (LORED., 18)EF . EH. NUF . NUM, VF
1IF(EF.GT.8.) €a T0 989

ST0P

EnD -

N

]
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FIGURE CAPTIONS

Direction of loading for the determination of the lungitudinal
Young's modulus and the major Poisson's ratio.

01 vs el diagram for Kryo-210 superconductor,

Normalized plot of the longitudinal Young's Modulus versus
volume fraction of the fiber (NbTi): In this graph, as
well as tha other normalized comparison graphs, the legend
refers to the theoretical equations presented in Appendix I.

€, vs €, dilagram for Kryo=-210 superconductor,

2 1
Normalized plot of the major Poisson's ratio vs volume
fraction of the fiber (NbTi). '

Direction of loading for the determination of the transverse
Young's Modulus and the minor Poisson's ratio.

0, vs €, diagram for Kryo-210 superconductor,

2

‘Normalized plot of the transverse Young's Modulus versus

volume fraction of the fiber (NbTi).

€y VS €, diagram for Kryo-210 supevrconductor.

Normalized plot of 023 vs the volume fraction of the
fiber (NbTi).

Coordinate system for the determination of the longitudinal-
shear modulus.

Normalized plot of the longitudinal shear modulus vs volume
fraction of the fiber (NbTi).
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